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(57) ABSTRACT

A driving apparatus for driving switching elements of a power
conversion circuit. In the apparatus, a first determination unit
determines whether or not a dead time that occurs immedi-
ately after a setting of discharge rate is changed is greater than
the dead time assumed at the time of designing. When the
dead time occurring immediately after the setting of dis-
charge rate is changed is greater than the dead time assumed
at the time of designing, a shift unit shifts in time at least one
of transition to an OFF state of one of the upper-arm and
lower-arm switching elements and transition to an ON state of
the other of the upper-arm and lower-arm switching elements
immediately after the transition to the OFF state so as to
reduce a time difference between the transition to the OFF
state and the transition to the ON state.
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DRIVING APPARATUS FOR DRIVING
SWITCHING ELEMENTS OF POWER
CONVERSION CIRCUIT

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based on and claims the benefit of
priority from earlier Japanese Patent Applications No. 2013-
231237 filed Nov. 7, 2013, the descriptions of which are
incorporated herein by reference.

BACKGROUND

1. Technical Field

The present invention relates to a driving apparatus for
driving switching elements of a power conversion circuit,
configured such that a series connection of upper-arm and
lower-arm switching elements is electrically connected in
parallel with a DC power source.

2. Related Art

A known driving apparatus for driving switching elements
of'a power conversion circuit, as disclosed in Japanese Patent
Application Laid-Open Publication No. 2013-143882,
assumes active gate control of insulated-gate bipolar transis-
tors (IGBTs) (as the switching elements) forming a three-
phase inverter. The active gate control refers to a technique for
changing or altering a setting of discharge rate from a higher
one to a lower one within a time period from start to comple-
tion of discharging of the gate charge.

To avoid the phenomenon where that the upper-arm
switching element and the lower-arm switching element are
both ON (so called upper-and-lower-arm short-circuit), there
is provided a dead time from transition to an OFF state of one
of the upper-arm switching element and the lower-arm
switching element and transition to an ON state of the other of
the upper-arm switching element and the lower-arm switch-
ing element.

In the driving apparatus supporting the active gate control,
as described later in more detail, an actual dead time may
become greater than a dead time assumed at the time of
designing. The dead time assumed at the time of designing is
determined by leaving a discharge rate set to a lower rate
during the discharge process with no active gate control per-
formed to avoid the upper-and-lower-arm short-circuit.

An actual dead time excessively greater than the dead time
assumed at the time of designing may cause a current wave-
form output from the inverter to be much deformed from a
waveform (e.g., a sine wave), which may degrade the torque
controllability of a rotary machine connected to the inverter.

In consideration of the foregoing, exemplary embodiments
of the present invention are directed to providing a driving
apparatus for driving switching elements of a power conver-
sion circuit, capable of preventing a dead time from becoming
excessively large.

SUMMARY

In accordance with an exemplary embodiment of the
present invention, there is provided a driving apparatus for
driving switching elements of a power conversion circuit. The
power conversion circuit has a series connection of an upper-
arm switching element and a lower-arm switching element.
The series connection is electrically connected in parallel
with a direct-current (DC) power source. The apparatus
includes a drive control unit configured to, for each of the
upper-arm switching element and the lower-arm switching
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2

element, turn on or off the switching element by charging or
discharging the charge on a switching control terminal of the
switching element, the drive control unit being configured to
set a dead time for preventing both of the upper-arm switching
element and the lower-arm switching element from being
ON, the dead time taking a positive value; a discharge-rate
changing unit configured to change a setting of discharge rate
at which the charge on the switching control terminal of each
of the upper-arm switching element and the lower-arm
switching element is discharged; a first determination unit
configured to determine whether or not the dead time that
occurs immediately after the setting of discharge rate is
changed by the discharge-rate changing unit is greater than
the dead time assumed at the time of designing the apparatus;
and a shift unit configured to, when it is determined by the first
determination unit that the dead time occurring immediately
after the setting of discharge rate is changed by the discharge-
rate changing unit is greater than the dead time assumed at the
time of designing the apparatus, shift in time at least one of
transition to an OFF state of one of the upper-arm switching
element and the lower-arm switching element and transition
to an ON state of the other of the upper-arm switching ele-
ment and the lower-arm switching element that is immedi-
ately after the transition to the OFF state so as to reduce a time
difference between the transition to the OFF state and the
transition to the ON state.

With this configuration, the discharge-rate changing unit
allows the setting of discharge rate to be changed. This allows
a turn-off time of each switching element to be changed,
thereby allowing an actual dead time to be changed. When it
is determined by the first determination unit that the dead time
that occurs immediately after the setting of discharge rate is
changed by the discharge-rate changing unit is greater than
the dead time assumed at the time of designing the apparatus,
the shift unit may shift in time at least one of transition to an
OFF state of one of the upper-arm switching element and the
lower-arm switching element and transition to an ON state of
the other of the upper-arm switching element and the lower-
arm switching element that is immediately after the transition
to the OFF state. This allows the dead time that occurs imme-
diately after the setting of discharge rate is changed by the
discharge-rate changing unit to approach the dead time
assumed at the time of designing the apparatus, thereby pre-
venting the dead time from becoming excessively large. For
example, a current waveform from the power conversion
circuit may be prevented from being much deformed from a
sine wave.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. shows a schematic diagram of a motor control
system in accordance with a first embodiment of the present
invention;

FIG. 2A shows a schematic diagram of a drive circuit for
driving one of insulated gate bipolar transistors (IGBTs) in
accordance with the first embodiment;

FIG. 2B shows a schematic diagram of a drive controller of
FIG. 24,

FIG. 3A shows developments of a gate voltage, a collector
current, a collector-emitter voltage, and a sense voltage for
one of IGBTs;

FIG. 3B shows a development of an operation signal input
to the drive controller of FIG. 2A;

FIG. 3C shows a development of an operational state of a
first discharge switching element;

FIG. 3D shows a development of an operational state of a
second discharge switching element;
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FIGS. 4A-4D show a timing chart for explaining dead time
extension;

FIG. 5 shows a flowchart of a dead time correction process
in accordance with the first embodiment;

FIGS. 6 A-6D show a timing chart for explaining the dead
time correction process in accordance with the first embodi-
ment;

FIG. 7 shows a flowchart of a dead time correction process
in accordance with a second embodiment;

FIG. 8A shows a schematic diagram of a motor control
system in accordance with the second embodiment;

FIG. 8B shows a schematic diagram of a drive controller of
FIG. 8A;

FIG. 9A-9D show a timing chart for explaining the dead
time correction process in accordance with the second
embodiment;

FIG. 10A shows a flowchart of a dead time correction
inhibition process in accordance with a third embodiment;

FIG. 10B shows a schematic diagram of a drive controller
in accordance with the third embodiment;

FIG. 11A shows a flowchart of a dead time correction
inhibition process in accordance with a fourth embodiment;

FIG. 11B shows a schematic diagram of a drive controller
in accordance with the fourth embodiment;

FIG. 12 shows a flowchart of a shift time correction process
in accordance with a fifth embodiment; and

FIG. 13 shows a relationship of an element temperature
and a threshold voltage.

DESCRIPTION OF SPECIFIC EMBODIMENTS

(First Embodiment)

There will now be explained a driving apparatus for driving
switching elements of a power conversion circuit, which may
be applied to a vehicle mounting therein a rotary machine
(such as a hybrid vehicle or an electrical vehicle), in accor-
dance with a first embodiment of the present invention with
reference to accompanied drawings.

As shown in FIG. 1, a motor control system 1 includes a
motor generator 10, an inverter 12 (as the power conversion
circuit), a controller 14 configured to control the motor gen-
erator 10, an external device 16 configured to bundle vehicle
controls. The motor generator 10 is a multi-phase rotary
machine (in this case a three-phase rotary machine) as a
vehicle prime mover and is connected to a driven wheel (not
shown). The motor generator 10 is electrically connected to a
high-voltage battery 18 through the inverter 20. The high-
voltage battery 18 is a secondary battery having a terminal
voltage of 100V or more, such as a lithium-ion secondary
battery, a nickel-metal-hydride secondary battery or the like.
A synchronous motor, such as a permanent magnet synchro-
nous motor (PMSM), may be used as the motor generator 10.

The inverter 12 includes three series connections of switch-
ing elements: a first series connection of upper-arm and
lower-arm switching elements SUp, SUn, a second series
connection of upper-arm and lower-arm switching elements
SVp, SVn, and a third series connection of upper-arm and
lower-arm switching elements SWp, SWn. A junction of the
first series connection of upper-arm and lower-arm switching
elements SUp, SUn is electrically connected to a U-phase
terminal of the motor generator 10, a junction of the second
series connection of upper-arm and lower-arm switching ele-
ments SVp, SVn is electrically connected to a V-phase termi-
nal of the motor generator 10, and a junction of the third series
connection of upper-arm and lower-arm switching elements
SWp, SWn is electrically connected to a W-phase terminal of
the motor generator 10. In the present embodiment, each of
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the switching elements Sa.pf (a=U, V, W, f=p, n) is a voltage-
controlled semiconductor switching element, more specifi-
cally, an insulated gate bipolar transistor (IGBT), and is elec-
trically connected in anti-parallel with a respectively
corresponding freewheel diode Daf3 (not shown).

The controller 14 is microcomputer-based and is powered
by a low-voltage battery 20 having a lower output voltage
than the high-voltage battery 18. The controller 14 operates
the inverter 12 to control a controlled variable (in this case a
torque) of the motor generator 10 to its command value (here-
inafter referred to as a command torque Trq*). More specifi-
cally, the controller 14 generates and outputs upper-arm and
lower-arm operation signals gop, gon to upper-arm and
lower-arm drive circuits Dap, Dan associated with the
respective upper-arm and lower-arm switching elements
SUp, SUn to thereby operate the upper-arm and lower-arm
switching elements Sap, San. The upper-arm operation sig-
nals goff and the lower-arm operation signals gon are
complementary to each other. That is, each of the upper-arm
switching elements Sop and a corresponding one of the
lower-arm switching elements Scun are alternately put in the
on-state.

The external device 16 is an upper-level device that is
present outside the controller 14 and within the vehicle. The
external device 16 is configured to set the command torque
Trq* of the motor generator 10 and outputs the command
torque Trq™ to the controller 14.

In the present embodiment, the vehicle includes a high-
voltage system and a low-voltage system. The high-voltage
system includes the motor generator 10, the inverter 12, and
the high-voltage battery 18. The low-voltage system includes
the controller 14, the external device 16, and the low-voltage
battery 20. In the present embodiment, a reference potential
VstL of the low-voltage system and a reference potential
VstH of the high-voltage system are different from each other.
In particular, in the present embodiment, the reference poten-
tial VstH of the high-voltage system is set to a negative-
electrode potential of the high-voltage battery 18, and a ref-
erence potential VstL, of the low-voltage system is set to a
potential of the vehicle body that is a median of the positive-
electrode and negative-electrode potentials of the high-volt-
age battery 18.

The drive circuit Draf (a=U, V, W, f=p, n) will now be
explained in configuration with reference to FIG. 2A.

As shown in FIG. 2A, the drive circuit Drap includes a
drive integrated circuit (IC) 40, which may be a single chip
semiconductor integrated circuit (IC). A first terminal T1 of
the drive IC 40 is electrically connected to a constant-voltage
power supply 44 through a charge resistor 42. The constant-
voltage power supply 44 is provided to apply a voltage VH (of
15 volts in this case) to a switching control terminal (referred
to as a gate) of the switching element Sa.f3.

The first terminal T1 is electrically connected to a second
terminal T2 of the drive IC 40 through a charge switching
element 46, which may be a P-channel MOSFET. The second
terminal 12 is electrically connected to the switching control
terminal (gate) of the switching element Sof.

The gate of the switching element Sa.f is electrically con-
nected to a third terminal T3 of the drive IC 40 through a first
discharge resistor 48a. The third terminal T3 is electrically
connected to a fourth terminal T4 of the drive IC 40 through
a first discharge switching element 50a, which may be an
N-channel MOSFET. The gate of the switching element Sa.f3
is electrically connected to a fifth terminal T5 of the drive IC
40 through a second discharge resistor 485. The fifth terminal
T5 is electrically connected to the fourth terminal 14 of the
drive IC 40 through a second discharge switching element
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505, which may be an N-channel MOSFET. The fourth ter-
minal T4 is electrically connected to an output terminal (emit-
ter) of the switching element Sc.f.

The switching element Saf is further provided with a
sense terminal St for outputting a small current having posi-
tive correlation with a current (as a collector current) follow-
ing through the electrical-current flow path between the emit-
ter and an input terminal (collector) of the switching element
Saf. The sense terminal St is electrically connected to the
emitter of the switching element Sa.f3 through a sense resistor
52. This leads to a voltage drop across the sense resistor 52
caused by the small current outputted from the sense terminal
St. A potential on the sense terminal St side terminal of the
sense resistor 52 (hereinafter referred to as a sense voltage
Vse) is defined as an electrical state quantity as a function of
an amount of voltage drop across the flow path of the switch-
ing element Saf. The sense voltage Vse is input to a drive
controller (as a drive control unit) 54 in the drive IC 40 via a
sixth terminal T6 of the drive IC 40.

In the present embodiment, it is assumed that the sense
voltage Vse as a potential on the sense terminal St side ter-
minal of the sense resistor 52 is higher than a potential on the
emitter of the switching element S is defined as positive
and the potential on the emitter of the switching element S
is at zero.

A temperature-sensitive diode 56 is provided in proximity
to the switching element Sa.f3 to detect a temperature thereof
directly (hereinafter referred to as an element temperature).
The temperature-sensitive diode 56 is supplied with current
from a constant current power supply 58. A cathode of the
temperature-sensitive diode 56 is electrically connected to the
emitter of the switching element Safy and an anode of the
temperature-sensitive diode 56 is electrically connected to a
seventh terminal T7 of the drive IC 40. With such a configu-
ration, the temperature-sensitive diode 56 outputs a voltage as
a function of the element temperature (more specifically, a
voltage having negative correlation with the element tem-
perature). The output voltage of the temperature-sensitive
diode 56 is to be input to the drive controller 54 via the seventh
terminal T7. The drive controller 54 is configured to detect the
element temperature based on the output voltage of the tem-
perature-sensitive diode 56.

In the present embodiment, the sense resistor 52 and the
sense terminal St form a current detection unit, and the tem-
perature-sensitive diode 56 forms a temperature detection
unit.

Charge and discharge processes to be performed in the
drive controller 54 will now be explained. Since the drive
controller 54 is hardware, the charge/discharge process is
performed in a logic circuit in the present embodiment. Refer-
ring to FIG. 2B, the drive controller 54 includes a first deter-
mination unit 542, a discharge-rate changing unit 544, and a
shift unit 546.

The charge process is performed as follows.

When the drive controller 54 determines that the operation
signal gaf received via an eighth terminal T8 of the drive IC
40 is a turn-on command, the drive controller 54 turns on the
charge switching element 46. This enables the gate of the
switching element Saff to be charged so that the switching
element Sa.f is turned on During the charge process, the first
and second discharge switching elements 50a, 505 are kept
off. In the present embodiment, the turn-on command is low
(i.e., at a low logic level) and the turn-off command is high
(i.e., at a high logic level).

The discharge process is performed as follows.

In the present embodiment, within a time period from
commencement to completion of discharging of the gate
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charge, the active gate control (AGC) is performed such that
a discharge path connected to the gate of the switching ele-
ment Soff is changed from a low-resistance one to a high-
resistance one. This active gate control is performed to reduce
a surge voltage and switching losses that occur upon transi-
tion of the switching element Sa.f from an ON stateto an OFF
state. The discharge process will be described in detail with
reference to FIGS. 3A-3D.

FIGS. 3A-3D show the discharge process of the present
embodiment. More specifically, FIG. 3A shows develop-
ments of the gate voltage Vge, the collector current IC, the
collector-emitter voltage Vce, and the sense voltage Vse. FIG.
3B shows a development of the operation signal go.pp input to
the drive controller 54. FIG. 3C is a development of an opera-
tional state of the first discharge switching element 50a. FI1G.
3D shows a development of an operational state of the second
discharge switching element 504.

As shown in FIGS. 3A-3D, at time t1 when the operation
signal ga.f} is switched to the turn-off command, both the first
discharge switching element 50a and the second discharge
switching element 505 are switched to an ON state, whereby
the discharge rate is set to a higher rate. This allows the gate
charge to discharge via the first discharge resistor 48a and the
second discharge resistor 485.

Thereafter, at time t2 when the sense voltage Vse rises to a
specified voltage V9, the first discharge switching element
50a is switched to an OFF state, whereby the discharge rate at
which the gate charge discharges is changed to a lower rate.
The gate charge is discharged through the second discharge
resistor 485. In the present embodiment, the time t2 when the
discharge rate is changed is set such that the collector-emitter
voltage Vce becomes substantially equal to the voltage of the
battery 18. This is because delaying as much as possible the
timing of decreasing the discharge rate at which the gate
charge discharges can prevent as much as possible the switch-
ing rate from being decreased while achieving suppression of
the surge voltage.

There is a phenomenon where, in the vicinity of time t2
within the turn-off time of the switching element so.pp, the
sense voltage Vse rises significantly. This phenomenon may
be caused by the presence of parasitic capacitance between
the collector and the emitter of the switching element Sa.f§
leading to superimposition of the surge voltage on the sense
voltage Vse.

In the present embodiment, since reduction of switching
losses is given priority over suppression of the surge voltage
achieved by the active gate control, the discharge process may
be performed without performing the active gate control,
while leaving the discharge rate set to the lower rate. In the
present embodiment, within a time period where the opera-
tion signal gaf is the turn-on command, the discharge rate
setting immediately after this time period has elapsed is deter-
mined. More specifically, when it is determined, within a time
period where the operation signal gaf is the turn-on com-
mand, that the sense voltage Vse has exceeded a predeter-
mined voltage Vsh, the discharge process is performed while
leaving the discharge rate set to the lower rate.

The surge voltage that occurs upon transition of the switch-
ing element Saf to the OFF state tends to increase with
increasing collector current following through the switching
element Saff in the ON state. This is because a rate of
decrease of the collector current during transition of the
switching element Saff from the ON state to the OFF state
increases with increasing collector current following through
the switching element Sc.ff in the ON state. Hence, when the
sense voltage Vse is high, the actual collector-emitter voltage
Vce may exceed its acceptable upper limit even when the
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active gate control is performed. To avoid such a situation, the
discharge process may be performed without performing the
active gate control, while leaving the discharge rate set to the
lower rate.

In the present embodiment, the predetermined voltage Vsh
(<V9), as shown in FIG. 3A, is compared with the sense
voltage Vse after a sufficient time has elapsed for the sense
voltage Vse to become stable from the last switching of the
operation signal gop to the turn-on command (that is, the
sense voltage Vse being stable before time t1).

To avoid the phenomenon where the upper-arm switching
element Sop and the lower-arm switching element Son are
both ON (so called upper-and-lower-arm short-circuit), there
is provided a dead time DT* between the transition of the
operation signal ga.f} to the turn-off command for one of the
upper-arm switching element Sap and the lower-arm switch-
ing element Sawn (e.g., at time t1 as shown in FIG. 4A) and the
transition of the operation signal gaj to the turn-on command
for the other of the upper-arm switching element Scip and the
lower-arm switching element San (e.g., at time t4 as shown in
FIG. 4A) immediately after the transition of the operation
signal gaf} to the turn-off command for the one of the upper-
arm switching element Scap and the lower-arm switching
element San. As can been seen from FIGS. 4A-4D, an actual
dead time DTr2 may be greater than a dead time D'Tr1 pre-set
upon designing the controller 14. This will be explained with
reference to FIGS. 4A-4D. FIG. 4A shows a development of
an upper-arm operation signal gaf} input to the drive control-
ler 54 forming an upper-arm drive circuit Drap. FIG. 4B
shows a development of a gate voltage of the upper-arm
switching element Scp (hereinafter referred to as an upper-
arm gate voltage Vgep). FIG. 4C shows a development of a
lower-arm operation signal gom input to the drive controller
54 forming a lower-arm drive circuit Dran. FIG. 4D shows a
development of a gate voltage of the lower-arm switching
element San (hereinafter referred to as a lower arm gate
voltage Vgen).

In FIGS. 4A-4D, a time lag is shown from when the opera-
tion signal gaf is logically inverted to when the gate voltage
begins to change (i.e., drop or rise) in response to the inver-
sion. Such a time lag is caused by the presence of a time lag
from when the operation signal gaf is input to the drive
controller 54 to when either or both of the first and second
discharge switching elements 50a, 505 actually transition to
an ON state due to the signal delay or the turn-on time or the
like.

The discharge process will now be explained, in which no
active gate control is to be performed and the discharge rate is
set only at the lower rate.

Attime t1, the upper-arm operation signal gaf is switched
from the turn-on command to the turn-off command, whereby
the upper gate voltage Vgep, as indicated by the solid line in
FIG. 46, begins to fall. At time t3 when the upper gate voltage
Vgep falls below a threshold voltage Vth, the upper-arm
switching element Sap is switched to the OFF state.

Thereafter, at time t4, the lower-arm operation signal gon
is switched from the turn-off command to the turn-on com-
mand. It should be noted that a time period between time t1
and time t4 is a dead time DT* set in the external device 16.
At time t5 when the lower gate voltage Vgen rises above the
threshold voltage Vth, the lower-arm switching element San
is switched to the ON state.

The discharge process in which the active gate control is
performed will now be explained.

In the active gate control, an initial discharge rate is set to
a higher rate. Hence, at time t2 prior to time t3 as indicated by
the dashed lines in FIG. 45, the upper-arm gate voltage Vgep

10

15

20

25

30

35

40

45

50

55

60

65

8

falls below a threshold voltage Vth, which allows the upper-
arm switching element Sap to be switched to an OFF state.
The actual dead time DTr2 (a time period of time t2 to t5) may
thus become greater than the dead time DTr1 (a time period of
time t3 to t5) in the case of the discharge rate left set to the
lower rate.

This comes from the fact that the dead time assumed at the
time of designing is determined by leaving a discharge rate set
to the lower rate during the discharge process with no active
gate control performed so as to avoid the upper-and-lower-
arm short-circuit. In addition, the dead time DTr1 assumed at
the time of designing is set so as to prevent the current wave-
form from being much deformed from a sine wave.

The actual dead time DTr2 excessively greater than the
dead time DTr1 may cause the current waveform output from
the inverter 12 to be much deformed from a sine wave, which
may degrade the torque controllability of the motor generator
10. For example, torque pulsations of the motor generator 10
may be increased.

To avoid this, in the present embodiment, a dead time
correction process is performed for the actual dead time DTr2
to approach the dead time DTr1.

FIG. 5 is a flowchart of the dead time correction process of
the present embodiment. This process is performed in the
drive controller 54, for example, repeatedly every predeter-
mined time interval. The drive controller 54 being hardware,
the dead time correction process is practically performed in a
logic circuit.

First, in step S10, it is determined whether or not the
operation signal ga.f is the turn-on command.

Ifitis determined in step S10 that the operation signal ga.§
is the turn-on command, then the process proceeds to step
S12, where the charge switching element 46 is turned on and
the first discharge switching element 50a and the second
discharge switching element 505 are both tuned off.

Subsequently, in step S14, it is determined within a time
period where the operation signal gaf is the turn-on com-
mand, whether or not the sense voltage Vse has exceeded the
predetermined voltage Vsh before. This operation is per-
formed to determine whether to perform the discharge pro-
cess with the active gate control unperformed, while leaving
the discharge rate sot to the lower rate. This allows the timing
of commencing the discharge process to be delayed (in step
S26 described later). In the present embodiment, the first
determination unit 542 (see FIG. 2B) is a logic circuit section
responsible for executing the operation in step S14.

Ifit is determined in step S14 that the sense voltage Vse has
not yet exceeded the predetermined voltage Vsh, then the
process proceeds to step S16, where a flag Fais setto 1, which
indicates that the active gate control is to be performed in the
discharge process. If it is determined in step S14 that the sense
voltage Vse has exceeded the predetermined voltage Vsh
before, then the process proceeds to step S18, where the flag
Fais setto 0, which indicates that the active gate control is not
to be performed in the discharge process.

In step S20 subsequent to steps S16, S18, it is determined
whether or not the operation signal go.ff has been switched
from the turn-on command to the turn-off command. If it is
determined in step S20 that the operation signal gaf has not
yet been switched from the turn-on command to the turn-off
command, then the process returns to step S14. If it is deter-
mined in step S20 that the operation signal gaff has been
switched from the turn-on command to the turn-off com-
mand, then the process proceeds to step S22, where it is
determined whether or not the flag Fa is 1.

If it is determined in step S22 that the flag Fa is 0, then the
discharge process is determined to be performed while leav-
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ing the discharge rate set to the lower rate. Then, the process
proceeds to step S23, where the charge switching element 46
is turned oft and the second discharge switching element 505
is turned on.

Ifit is determined in step S22 that the flag Fa is 1, then it is
determined that the active gate control is to be performed in
the discharge process. Then, the process proceeds to step S24,
where the drive controller 54 waits for a shift time Tsp to
elapse from the determination in step S20 that the operation
signal gafp has been switched from the turn-on command to
the turn-off command. If it is determined that the shift time
Tsp has elapsed, then the process proceeds to step S26, where
the charge switching element 46 is turned off and the first
discharge switching element 50a and the second discharge
switching element 505 are both turned on, which allows the
timing of turning on the first discharge switching element 50a
and the second discharge switching element 505 to be delayed
by the shift time Tsp, thereby delaying the transition of the
switching element Saf to the OFF state by the shift time Tsp.
Inthe present embodiment, the shift unit 546 (see FIG. 2B) is
alogic circuit section responsible for executing the operations
in steps S22, S24, S26.

In step S28 subsequent to step S26, the drive controller 54
waits for the sense voltage Vse to rise to the specified voltage
V6. This operation is performed to determine whether or not
the timing at which the discharge rate is switched from the
higher rate to the lower rate is reached. If it is determined in
step S28 that the sense voltage Vse has reached the specified
voltage V3, then the process proceeds to step S30, where the
first discharge switching element 50a is turned off. In the
present embodiment, the discharge-rate changing unit 544
(see FI1G. 2B) is a logic circuit section responsible for execut-
ing the operations in steps S28, S30.

Ifit is determined in step S10 that the operation signal g
is not the turn-on command, or after completion of the opera-
tion in step S23 or S30, then the process ends.

FIGS. 6 A-6D show an example of the dead time correction
process of the present embodiment. FIGS. 6A-6D respec-
tively correspond to FIGS. 4A-4D.

The dead time correction process, as shown in FIGS.
6A-6D, allows the timing at which the upper-arm gate voltage
Vgep falls below the threshold voltage Vth to be delayed by
the shift time Tsp from time t2a to time t25. This allows the
actual dead time DTr2 to be reduced to the dead time DTr1
assumed at the time of designing. The actual dead time DTr2
is a dead time that occurs immediately after the active gate
control is performed.

The present embodiment set forth above can provide the
following advantages.

(1) If it is determined within a time period where the
upper-arm switching element Sap (or the lower-arm switch-
ing element San) is ON, that the sense voltage Vse has not yet
exceeded the predetermined voltage Vsh, the active gate con-
trol is determined to be performed in the discharge process. In
the active gate control, the timing of switching off the upper-
arm switching element Sop (or the lower-arm switching ele-
ment Son) immediately after the above decision is delayed by
the shift time Tsp. This allows the dead time occurring in the
subsequent discharge process to approach the dead time DTr1
assumed at the time of designing and can thus prevent the
current waveform from the inverter 12 from being much
deformed from a sine wave, thereby preventing a torque con-
trolled variable for the motor generator 10 from decreasing.

(2) The drive circuits Drap, Dran are configured such that
the dead time correction process can be completed respec-
tively in the upper-arm drive circuit Drap and the lower-arm
drive circuit Drom. This allows the dead time correction pro-
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cess to be performed without using means for communica-
tions between the upper-arm drive circuit Drap and the lower-
arm drive circuit Dran (such as a photocoupler).

(Second Embodiment)

There will now be explained a second embodiment of the
present invention. Only differences of the second embodi-
ment from the first embodiment will be explained.

In the first embodiment, the timing of turning on the first
discharge switching element 50a and the second discharge
switching element 505 during the discharge process is
delayed by the shift time Tsp, thereby reducing the dead time.
In the present embodiment, the timing of turning on the
charge switching element 46 is advanced by the shift time
Tsp, thereby reducing the dead time.

FIG. 7 is a flowchart of the dead time correction process of
the present embodiment. This process is performed in the
drive controller 54 (forming, as an example, the drive lower-
arm drive circuit Don), for example, repeatedly every prede-
termined time interval. The drive controller 54 being hard-
ware, the dead time correction process is practically
performed in a logic circuit. The drive controller 54 of the
present embodiment, as shown in FIG. 8B, includes a first
determination unit 543, the discharge-rate changing unit 544,
and a shift unit 547.

First, in step S32, it is determined whether or not the
lower-arm operation signal gon is the turnoft command.

If it is determined in step S32 that the lower-arm operation
signal gon is the turn-oft command, then the process pro-
ceeds to step S34. In step S34, it is determined within a time
period where an upper-arm operation signal gap, which is the
counterpart of the lower-arm operation signal gan, is the
turn-on command, whether or not information that the upper-
arm sense voltage Vse has exceeded the predetermined volt-
age Vsh before has been received from the drive controller 54
forming the upper-arm drive circuit Drop. In the present
embodiment, as shown in FIG. 8A, the drive controller 54
forming the upper-arm drive circuit Drop and the drive con-
troller 54 forming the lower-arm drive circuit Dron are com-
municably connected to each other and configured to com-
municate information therebetween. In the present
embodiment, the first determination unit 543 (see FIG. 8B)is
a logic circuit section responsible for executing the operation
in step S34.

If it is determined in step S34 that the information has not
been received from the drive controller 54 forming the upper-
arm drive circuit Drap, then the process proceeds to step S36,
where a flag Fb is set to 1. If it is determined in step S34 that
the information has been received from the drive controller 54
forming the upper-arm drive circuit Drap, then the process
proceeds to step S38, where the flag Fb is set to 0.

In step S40 subsequent to steps S36, S38, it is determined
whether or not the operation signal gan has been switched
from the turn-off command to the turn-on command. If it is
determined in step S40 that the operation signal gun has not
yet been switched from the turn-off command to the turn-on
command, then the process returns to step S34. If it is deter-
mined in step S40 that the operation signal gonf has been
switched from the turn-off command to the turn-on com-
mand, then the process proceeds to step S42, where it is
determined whether or not the flag Fb is 1.

If it is determined in step S42 that the flag Fb is 0, then the
process proceeds to step S44, where the charge switching
element 46 is turned on, and the first discharge switching
element 50a and the second discharge switching element 505
are both turned off.

If it is determined in step S42 that the flag Fb is 1, then the
process proceeds to step S46, where the charge switching
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element 46 is turned on, and the first discharge switching
element 50a and the second discharge switching element 505
are both turned off with the timing of turning on the charge
switching element 46 and turning off the first discharge
switching element 50a and the second discharge switching
element 505 advanced by the shift time Tsp. This allows the
timing of turning on the charge switching element 46 to be
advanced by the shift time Tsp, thereby advancing the timing
of transition of the lower-arm switching element Son to the
ON state by the shift time Tsp. In the present embodiment, the
shift unit 547 (see FIG. 8B) is a logic circuit section respon-
sible for executing the operations in steps S42, S46.

Ifit is determined in step S32 that the operation signal gan
is not the turn-off command, or after completion of the opera-
tion in step S44 or S46, then the process ends.

FIGS. 9A-9D show an example of the dead time correction
process of the present embodiment. FIGS. 9A-9D respec-
tively correspond to FIGS. 6 A-6D.

As shown in FIGS. 9A-9D, advancing the timing of turning
on the charge switching element 46 by the shift time Tsp
allows the timing at which the lower-arm gate voltage Vgen
becomes equal to or greater than the threshold voltage Vth to
be advanced by the shift time Tsp from time t4a to time t4b.
This allows the actual dead time DTr3 to be reduced to the
dead time DTrl assumed at the time of designing. The actual
dead time DTr3 is a dead time that occurs immediately after
the active gate control is performed on the upper-arm side.

The present embodiment can provide similar advantages to
those of the first embodiment.

(Third Embodiment)

There will now be explained a third embodiment of the
present invention. Only differences of the third embodiment
from the first embodiment will be explained.

In the present embodiment, it is determined within a time
period where the operation signal gaf§ for the switching ele-
ment Sof is the turn-on command, whether or not the dis-
charge process is unable to be performed at the discharge rate
set to the higher rate. If it is determined that the discharge
process is unable to be performed at the discharge rate set to
the higher rate, then the dead time correction process will be
inhibited in order to avoid the upper-and-lower-arm short-
circuit.

That is, even though the active gate control is performed
when the discharge process for which the discharge rate is set
to the higher rate is unable to be performed, the turn-off time
of the switching element Saff becomes equal to the turn-off
time of the switching element Saff for which the discharge
process is performed at the discharge rate set to the lower rate
only. Hence the actual dead time becomes the dead time
assumed at the time of designing. In such a case, the dead time
doesn’t have to be reduced. Performing the dead-time correc-
tion process when the discharge process is unable to be per-
formed at the discharge rate set to the higher rate may lead to
a reduced dead time. Then there may be a concern about
occurrence of the upper-and-lower-arm short-circuit.

FIG. 10A is a flowchart of the dead time correction inhi-
bition process of the present embodiment. This process is
performed in the drive controller 54, for example, repeatedly
every predetermined time interval. The drive controller 54
being hardware, the dead time correction process is practi-
cally performed in a logic circuit. Referring to FIG. 106, the
drive controller 54 of the present embodiment further
includes a second determination unit 548 and an inhibition
unit 550 as compared with the first embodiment.

First, in step S47, it is determined whether or not the
operation signal gafi has been switched from the turn-off
command to the turn-on command.
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If it is determined in step S47 that the operation signal gal
has been switched from the turn-off command to the turn-on
command, then the process proceeds to step S48, where the
drive controller 54 waits for a predetermined time T to
elapse from the decision in step S47. This is done for waiting
for the gate voltage Vge to rise to an output voltage VH of the
constant-voltage power supply 44.

If it is determined in step S48 that the predetermined time
T3 has elapsed, then the process proceeds to step S50, where
the first discharge switching element 50a is put in a half-on
state. The half-on state of the switching element Sc.f§ is such
that the gate voltage Vge is set to a voltage at which the
switching element Sa.ff is operated in its saturation region.
The saturation region is a region in which a collector current
IC is substantially constant over the collector-emitter voltage
Vce of the switching element safp, where the collector cur-
rent Ic is a function of the collector-emitter voltage as the
output characteristics.

The operation in step S48 is provided for passing current
through a discharge path of gate charge that is a discharge
path from the gate to the emitter through the first discharge
resistor 48a and the first discharge switching element 50a.
Putting the first discharge switching element 50q in the half-
on state can suppress the current flowing through the dis-
charge path of gate charge, which can prevent a situation from
occurring such that the switching element safp becomes
unable to be turned on during the charge process.

In step S52 subsequent to step S50, it is determined
whether or not the logical OR of the following conditions (i)
and (i1) is TRUE: (i) a determination voltage Vjde that is a
drain side voltage of the first discharge switching element 50a
(see FIG. 2A) is 0, and (ii) a determination voltage Vjde is an
output voltage VH of the constant-voltage power supply 44.
This operation is provided for determining within a turn-on
period of the switching element Sa.f3, whether or not there is
an open fault in at least one of the first discharge resistor 48a
and the first discharge switching element 50a.

That is, the condition that during the charge process the
determination voltage Vjde is 0 while the first discharge
switching element 50q is in the half-on state corresponds to
the presence of an open fault in the first discharge resistor 48a.
The condition that during the charge process the determina-
tion voltage Vjde is the output voltage VH of the constant-
voltage power supply 44 while the first discharge switching
element 50aq is in the half-on state corresponds to the presence
of'an open fault in the first discharge switching element 50a.
In the present embodiment, the second determination unit 548
(see FIG. 10B) is a logic circuit section responsible for
executing the operations in steps S47-S52.

If it is determined the logical OR of the conditions (i) and
(i1) is TRUE, then the process proceeds to step S54, where it
is determined that there is an open fault in at least one of the
first discharge resistor 48a and the first discharge switching
element 50a. In step S56, the dead time correction process is
determined to be inhibited in future discharge processes. In
the present embodiment, the inhibition unit 550 (see FIG.
10B) is a logic circuit section responsible for executing the
operation in step S56.

Ifitis determined in step S47 that the operation signal ga.§
has been switched from the turn-off command to the turn-on
command, or after completion of the operation in step S58,
then the process ends.

The present embodiment can provide not only similar
advantages to those of the first embodiment, but also addi-
tional advantages as follows.

(3) The dead time correction inhibition process is per-
formed, thereby avoiding unnecessary reduction of the dead
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time. Thus, the upper-and-lower-arm short-circuit caused by
the dead time correction process can be avoided in the pres-
ence of an open fault in at least one of the first discharge
resistor 484 and the first discharge switching element 50a.

In particular, in the present embodiment, it is determined
during the charge process whether or not there is an open
fault, which can be a major contribution to rapidly inhibiting
the dead time correction process in future discharge pro-
cesses.

(Fourth Embodiment)

There will now be explained a fourth embodiment of the
present invention. Only differences of the third embodiment
from the third embodiment will be explained.

In the present embodiment, the technique for the above
dead time correction inhibition process is modified.

FIG. 11A is a flowchart of the dead time correction inhi-
bition process of the present embodiment. This process is
performed in the drive controller 54, for example, repeatedly
every predetermined time interval. The drive controller 54
being hardware, the dead time correction process is practi-
cally performed in a logic circuit. Like numbers refer to like
steps throughout. Referring to FIG. 115, the drive controller
54 of the present embodiment further includes a second deter-
mination unit 549 and an inhibition unit 551 as compared with
the first embodiment.

First, in step S60, it Is determined whether or not the
operation signal gaff has been switched from the turn-on
command to the turn-off command.

If it is determined in step 60 that the operation signal g
has been switched from the turn-on command to the turn-off
command, then the process proceeds to step S62. In step S62,
it is determined whether or not the first discharge switching
element 50q is in a ON state. This operation is performed to
determine whether or not the current is flowing through the
discharge path of gate charge. That is, in the present embodi-
ment, the presence or absence of an open fault is determined
with use of the discharge process.

It is determined in step S62 that the first discharge switch-
ing element 50q is in a ON state, then the process proceeds to
step S52. Ifitis determined in step S52 that the logical OR of
the conditions (i) and (ii) is TRUE, then the process proceeds
to step S64 through step S54. In step S64, the dead time
correction process is determined to be inhibited in future
discharge processes. In the present embodiment, the second
determination unit 549 (see FIG. 11B) is a logic circuit sec-
tion responsible for executing the operations in steps S60-
S52, and the inhibition unit 551 (see FIG. 11B) is a logic
circuit section responsible for executing the operation in step
S64.

If the determination is negative in step S60, S62 or S52, or
after completion of the operation in step S64, then the process
ends.

The present embodiment can provide similar advantages to
those of the third embodiment.

(Fifth Embodiment)

There will now be explained a fifth embodiment of the
present invention. Only differences of the fifth embodiment
from the first embodiment will be explained.

In the present embodiment, the shift time Tsp used in the
dead time correction process may be variably set in response
to a detection value of the element temperature of the tem-
perature-sensitive diode 56.

FIG. 12 is a flowchart of a shift time setting process of the
present embodiment. This process is performed in the drive
controller 54, for example, repeatedly every predetermined
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time interval. The drive controller 54 being hardware, the
dead time correction process is practically performed in a
logic circuit.

In this shift time setting process, in step S66, the shift time
Tsp is set to a greater value for a lower element temperature
Tsw. This process is performed for enhancing the dead time
correction accuracy. As shown in FIG. 13, a turn-off time
Toffl. at a lower element temperature Tsw is less than a
turn-off time ToftZH at a higher element temperature Tsw.
This comes from the fact that since a Miller voltage VmL at a
lower element temperature Tsw is greater than a Miller volt-
age VmH at a higher element temperature Tsw, a threshold
voltage VthL at a lower element temperature Tsw becomes
greater than a threshold voltage VthH time ToffH at a higher
element temperature Tsw. Thus, correcting the shift time Tsp
based on the element temperature Tsw can enhance the dead
time correction accuracy.

With such a dead time correction technique, the timing of
turning on the first and second discharge switching elements
50a, 505 may be delayed by a larger time at a lower element
temperature Tsw. FIG. 12 shows a graph of shift time Tsp vs.
element temperature Tsw such that the shift time Tsp is
monotonically increased with a decreasing element tempera-
ture Tsw. Alternatively, the shift time Tsp may be set to a
value that is increased in step increments with a decreasing
element temperature Tsw. In the present embodiment, the
shift unit 546 (see FIG. 2B) is further responsible for execut-
ing the operation in step S66 of the shift time setting process.

After completion of step S66, the process ends.

The configuration of the present embodiment set forth
above allows the actual dead time to advantageously
approach the dead time assumed at the time of designing.

(Other Embodiments)

The present invention is described above referring to some
specific embodiments. However, the present invention is not
limited to the specific embodiments. The configuration and
detailed parts of the present invention can be variously modi-
fied within a scope of the present invention to be understood
by those skilled in the art.

In the first and second embodiment, given the shift time
Tsp taking a positive value, the shift unit 546(547) is config-
ured to shift in time at least one of transition to an OFF state
of'one of the upper-arm switching element Sap and the lower-
arm switching element Son and transition to an ON state of
the other of the upper-arm switching element (Scp) and the
lower-arm switching element San that is immediately after
the transition to the OFF state so as to reduce a time difference
between the transition to the OFF state and the transition to
the ON state alternatively, the shift unit 546(547) may be
configured to shift in time both transition to an OFF state of
one of the upper-arm switching element Scp and the lower-
arm switching element Son and transition to an ON state of
the other of the upper-arm switching element (Scp) and the
lower-arm switching element San that is immediately after
the transition to the OFF state so as to reduce a time difference
between the transition to the OFF state and the transition to
the ON state. In such an embodiment, for example, transition
to an OFF state of one of the upper-arm switching element
Sap and the lower-arm switching element San may be
delayed by a half of the shift time Tsp (Tsp/2) and transition
to an ON state of the other of the upper-arm switching ele-
ment Sap and the lower-arm switching element Son that is
immediately after the transition to the OFF state may be
advanced by a half of the shift time Tsp (Tsp/2).

In some alternative embodiments, the first determination
unit 542(543) may be configured as follows.
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As disclosed in Japanese Patent Application Laid-Open
Publication No. 2013-143582, when it is determined that the
sense voltage else of the switching element Sa.f3 has exceeded
a predetermined value within a time period where the switch-
ing element Saf is left ON, the discharge process may be
performed at the discharge rate left set to a higher rate without
the active control performed. The predetermined value is set
greater than zero and less than the predetermined voltage Vsh.
For example, given the dead time set at the time of designing
such that the upper-and-lower-arm short-circuit can be
avoided when the active gate control performed, the dead
time that occurs when the discharge process is performed at
the discharge rate left set to the higher rate may become
excessively large as compared with the dead time assumed at
the time of designing. Therefore, the first determination unit
542(543) may be configured such that whether or not the dead
time that subsequently occurs becomes greater than the dead
time assumed at the time of designing may be determined
based on whether or not the discharge process is performed at
the discharge rate left set to the higher rate without the active
control performed.

The first determination unit 542(543) may be configured to
select one of (a) the discharge rate is left set to the lower rate,
(b) the active gate control is performed, and (c) the discharge
rate is left set to the higher rate, based on greater than and less
than comparison between the predetermined value, the pre-
determined voltage Vsh, and the sense voltage Vse. In such an
embodiment, at the time of designing, for example, the dead
time may be determined so as to avoid the upper-and-lower-
arm short-circuit when the discharge rate is left set to the
lower rate during the discharge process. When the first deter-
mination unit 542(543) is only allowed to select one of (b) the
active gate control is performed and (c) the discharge rate is
left set to the higher rate, there may be a concern that the dead
time may become excessively large as compared with the
dead time assumed at the time of designing. Therefore, appli-
cation of the dead time correction process may be effective.

In each of the above embodiment, the dead time correction
process and the dead time correction inhibition process are
performed in the drive controller 54. Alternatively, the dead
time correction process and the dead time correction inhibi-
tion process may be performed, for example, in the external
device 16. In such an embodiment, the external device 16 may
include the first determination unit 542(543) and the shift unit
546(547). Based on the sense voltage Vse conveyed from the
high-voltage system to the external device 16, the time dif-
ference DT* between the transition to the turn-off command
of one of the upper-arm operation signal gap and the lower-
arm operation signal gon and the transition to the turn-on
command of the other of the upper-arm operation signal gop
and the lower-arm operation signal gory may be shifted by a
shift time Tsp. In this case, the motor control system 1 may be
provided with means for conveying information from the
high-voltage system to external device as the low-voltage
system with the high-voltage system and the low-voltage
system electrically isolated from each other (e.g., a photocou-
pler).

In the above embodiments, the first determination unit
542(543) determines to perform the discharge process at the
discharge rate left set to the lower rate when it is determined
that the sense voltage Vse has exceeded the predetermined
voltage Vsh. Alternatively, the first determination unit 542
(543) may be configured to determine to perform the dis-
charge process at the discharge rate left set to the lower rate
when it is determined that the element temperature has
become lower than a pre-defined temperature. This takes into
account the fact that the breakdown voltage of the switching
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element Saf (an acceptable upper limit of the collector-
emitter voltage Vce) decreases with decreasing element tem-
perature.

In the above embodiments, the setting of discharge rate is
changed when the sense voltage Vse has reached the specified
voltage V. Alternatively, the setting of discharge rate may be
changed when a prescribed time period has elapsed from time
t1 (see FIGS. 3A-3D). The prescribed time period may be
defined such that the surge voltage and the switching losses
that will occur upon transition of the switching element Sa.f§
from the ON state to the OFF state can be reduced.

In the third embodiment, the technique is described for
determining whether or not an open fault is present in the
series connection of the first discharge resistor 48a and the
first discharge switching element 50a during the charge pro-
cess. Alternatively, a closed loop circuit formed of the series
connection of the first discharge resistor 48a¢ and the first
discharge switching element 50a and a DC power source
(herein referred to as a diagnostic power supply) connected in
parallel with the series connection, with an electrically oper-
ated switch in provided along the loop circuit, may be used to
determine whether or not an open fault is present in the series
connection of first discharge resistor 48a and the first dis-
charge switching element 50a. The loop circuit is closed by
turning on the switch. Then, whether or not an open fault is
present in the series connection of first discharge resistor 48a
and the first discharge switching element 50a may be deter-
mined based on the determination voltage Vjge during the
charge process.

In the second to fourth embodiments, the shift time Tsp
may be variably set as in the fifth embodiment. When the
second embodiment is configured such that the shift time Tsp
can be variably set, the timing of turning on the charge switch-
ing element 45 may be advance by a variable shift time Tsp
that is increased with decreasing element temperature Tsw.
The configurations of the third and/or fourth embodiments
may be applied to the second embodiment.

The discharge-rate changing unit 544 is configured as
shown in FIG. 2A. In some alternative embodiments, the
discharge-rate changing unit 544 may be configured as fol-
lows.

The resistance value of the first discharge resistor 48a may
be set less than the resistance value of the second discharge
resistor 485. With this configuration, when the discharge rate
is set to a higher rate, the first discharge switching element
50a may be turned on and the second discharge switching
element 505 may be turned off. When the discharge rate is set
to a lower rate, the first discharge switching element 50a may
be turned off and the second discharge switching element 505
may be tuned on.

In the above embodiments, the discharge-rate changing
unit 544 is configured to change the resistance value of the
discharge path as described in the first embodiment.

An electrically operated element (e.g.,a MOSFET) may be
provided along a discharge path electrically connected to the
gate, where the element can switch between a first connection
between the emitter and the gate and a second connection
between a portion of a lower potential than the emitter and the
gate. With such a configuration, the element may be operated
s0 as to connect the portion of a lower potential and the gate
only at an initial stage of the discharge process. Thereafter,
the element may be operated so as to connect the emitter and
the gate. This allows the discharge rate to be changed to a
lower rate.

In the above embodiments, the discharge-rate changing
unit 544 is configured to change the discharge rate in a step-
wise manner. Alternatively, the discharge-rate changing unit



US 9,419,508 B2

17

544 may be configured to change the discharge rate continu-
ously. Even in such an embodiment, the actual dead time may
become excessively large as compared with the dead time
assumed at the time of designing. Therefore, the dead time
correction process as described above may also be available
in such an embodiment.

The second determination unit 548(549) is configured as
described in the third embodiment. Alternatively, a unit con-
figured to be able to determine whether or not there is an
electrically interrupted portion along a discharge path for
discharging the gate charge from the gate to the emitter may
be used as the second determination unit 548(549).

In the above embodiments, the DC power source is a bat-
tery (the high-voltage battery 18). Alternatively, when a boost
converter is provided between the high-voltage battery 18 and
the inverter 12, such a boost converter may be used as the DC
power source.

In the above embodiments, the power conversion circuit is
the three-phase inverter. Alternatively, a full-bridge circuit or
other power conversion circuits may be used. In addition, in
the above embodiments, the upper-arm switching element
and the lower-arm switching element forming the power con-
version circuit are IGBTs. Alternatively, the upper-arm
switching element and the lower-arm switching element may
be MOSFETs.

What is claimed is:

1. A driving apparatus for driving switching elements of a
power conversion circuit, the power conversion circuit having
a series connection of an upper-arm switching element and a
lower-arm switching element, the series connection being
electrically connected in parallel with a direct-current (DC)
power source, the apparatus comprising:

an upper-arm drive control unit configured to turn on or off

the upper-arm switching element by charging or dis-
charging the charge on a switching control terminal of
the upper-arm switching element, the upper-arm drive
control unit being configured to set a dead time for
preventing both of the upper-arm switching element and
the lower-arm switching element from being ON, the
dead time taking a positive value; and

a lower-arm drive control unit configured to turn on or off

the lower-arm switching element by charging or dis-

charging the charge on a switching control terminal of

the lower-arm switching element, the lower-arm drive

control unit being configured to set the dead time for

preventing both of the upper-arm switching element and

the lower-arm switching element from being ON,

wherein the upper-arm drive control unit comprises:

an upper-arm discharge-rate changing unit configured
to, during on-operation of the upper-arm switching
element, change a setting of discharge rate at which
the charge on the switching control terminal of the
upper-arm switching element is discharged;

an upper-arm first determination unit configured to, dur-
ing the on-operation of the upper-arm switching ele-
ment, determine whether or not the dead time that
occurs immediately after commencement of oft-op-
eration of the upper-arm switching element is greater
than the dead time assumed at the time of designing
the apparatus under the setting changed by the upper-
arm discharge-rate changing unit; and

an upper-arm shift unit configured to, if it is determined
by the upper-arm first determination unit that the dead
time occurring immediately after the commencement
of the off-operation of the upper-arm switching ele-
ment is greater than the dead time assumed at the time
of designing the apparatus, delay commencement of

20

30

40

45

55

18

off-operation of the upper-arm switching element so
as to reduce a time difference between the commence-
ment of the off-operation of the upper-arm switching
element and commencement of on-operation of the
lower-arm switching element, and

the lower-arm drive control unit comprises:

a lower-arm discharge-rate changing unit configured to,
during on-operation of the lower-arm switching ele-
ment, change a setting of discharge rate at which the
charge on the switching control terminal of the lower-
arm switching element is discharged;

a lower-arm first determination unit configured to, dur-
ing the on-operation of the lower-arm switching ele-
ment, determine whether or not the dead time that
occurs immediately after commencement of off-op-
eration of the lower-arm switching element is greater
than the dead time assumed at the time of designing
the apparatus under the setting changed by the lower-
arm discharge-rate changing unit; and

a lower-arm shift unit configured to, if it is determined
by the lower-arm first determination unit that the dead
time occurring immediately after the commencement
of the off-operation of the lower-arm switching ele-
ment is greater than the dead time assumed at the time
of designing the apparatus, delay the commencement
of the off-operation of the lower-arm switching ele-
ment so as to reduce a time difference between the
commencement of the off-operation of the lower-arm
switching element and commencement of on-opera-
tion of the upper-arm switching element.

2. The driving apparatus of claim 1, wherein

the upper-arm discharge-rate changing unit is configured to
change the discharge rate from a higher rate to a lower
rate during a time period from start to completion of
discharging the charge on the switching control terminal
of the upper-arm switching element,

the lower-arm discharge-rate changing unit is configured to
change the discharge rate from a higher rate to a lower
rate during a time period from start to completion of
discharging the charge on the switching control terminal
of the lower-arm switching element,

the upper-arm first determination unit is configured to
determine whether or not the dead time that occurs
immediately after the commencement of the off-opera-
tion of the upper-arm switching element is greater than
the dead time assumed at the time of designing the
apparatus based on whether or not discharging of the
charge on the switching control terminal of the upper-
arm switching element is performed with the discharge
rate left at the lower rate without being changed by the
upper-arm discharge-rate changing unit during the time
period from start to completion of discharging the
charge on the switching control terminal of the upper-
arm switching element, and

the lower-arm first determination unit is configured to
determine whether or not the dead time that occurs
immediately after the commencement of the off-opera-
tion of the lower-arm switching element is greater than
the dead time assumed at the time of designing the
apparatus based on whether or not discharging of the
charge on the switching control terminal of the lower-
arm switching element is performed with the discharge
rate left at the lower rate without being changed by the
lower-arm discharge-rate changing unit during the time
period from start to completion of discharging the
charge on the switching control terminal of the lower-
arm switching element.
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3. The driving apparatus of claim 2, further comprising:

an upper-arm current detection unit configured to detect
current flowing through the upper-arm switching ele-
ment, and

a lower-arm current detection unit configured to detect
current flowing through the lower-arm switching ele-
ment,

the upper-arm first determination unit is configured to
determine whether or not the current detected by the
upper-arm current detection unit is greater than a pre-
defined value, and if it is determined that the current
detected by the upper-arm current detection unit is
greater than the pre-defined value, determine that the
discharging of the charge on the switching control ter-
minal of the upper-arm switching element is performed
with the discharge rate left at the lower rate without
being changed by the upper-arm discharge-rate chang-
ing unit during the time period from start to completion
of discharging the charge on the switching control ter-
minal of the upper-arm switching element, and

the lower-arm first determination unit is configured to
determine whether or not the current detected by the
lower-arm current detection unit is greater than a pre-
defined value, and if it is determined that the current
detected by the lower-arm current detection unit is
greater than the pre-defined value, determine that the
discharging of the charge on the switching control ter-
minal of the lower-arm switching element is performed
with the discharge rate left at the lower rate without
being changed by the lower-arm discharge-rate chang-
ing unit during the time period from start to completion
of discharging the charge on the switching control ter-
minal of the lower-arm switching element.

4. The driving apparatus of claim 2, wherein

the upper-arm drive control unit comprises:

an upper-arm second determination unit configured to
determine whether or not the discharging of the charge
on the switching control terminal of the upper-arm-
switching element is disabled at the discharge rate set to
the higher rate; and

an upper-arm inhibition unit configured to, if it is deter-
mined by the upper-arm second determination unit that
the discharging of the charge on the upper-arm switch-
ing control terminal of the upper-arm switching element
is disabled at the discharge rate set to the higher rate,
inhibit the upper-arm shift unit from delaying the com-
mencement of off-operation of the upper-arm switching
element, and

the lower-arm drive control unit comprises:

alower-arm second determination unit configured to deter-
mine whether or not the discharging of the charge on the
switching control terminal of the lower-arm-switching
element is unable at the discharge rate set to the higher
rate, and

alower-arm inhibition unit configured to, if it is determined
by the lower-arm second determination unit that the
discharging of the charge on the switching control ter-
minal of the lower-arm switching element is unable at
the discharge rate set to the higher rate, inhibit the lower-
arm shift unit from delaying the commencement of off-
operation of the lower-arm switching element.

5. The driving apparatus of claim 4, wherein

the upper-arm second determination unit is configured to,
during the off-operation of the upper-arm switching ele-
ment, determine whether or not the discharging of the
charge on the switching control terminal of the upper-
arm switching element is disabled,
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the upper-arm inhibition unit is configured to, if it is deter-
mined by the upper-arm second determination unit that
the discharging of the charge on the switching control
terminal of the upper-arm switching element is disabled,
thereafter inhibit the upper-arm shift unit from delaying
the commencement of off-operation of the upper-arm
switching element,

the lower-arm second determination unit is configured to,
during the off-operation of the lower-arm switching ele-
ment, determine whether or not the discharging of the
charge on the switching control terminal of the lower-
arm switching element is disabled, and

the lower-arm inhibition unit is configured to, if it is deter-
mined by the lower-arm second determination unit that
the discharging of the charge on the switching control
terminal ofthe lower-arm switching element is disabled,
thereafter inhibit the lower-arm shift unit from delaying
the commencement of off-operation of the lower-arm
switching element.

6. The driving apparatus of claim 4, wherein

the upper-arm second determination unit is configured to,
during the off-operation of the upper-arm switching ele-
ment, determine whether or not the discharging of the
charge on the switching control terminal of the upper-
arm switching element is disabled,

the upper-arm inhibition unit configured to, if it is deter-
mined by the upper-arm second determination unit that
the discharging of the charge on the switching control
terminal of the upper-arm switching element is disabled,
thereafter inhibit the upper-arm shift unit from delaying
the commencement of off-operation of the upper-arm
switching element,

the lower-arm second determination unit is configured to,
within an off-operation period of the lower-arm switch-
ing element, determine whether or not the discharging of
the charge on the switching control terminal of the
lower-arm switching element is disabled, and

the lower-arm inhibition unit configured to, if when it is
determined by the lower-arm second determination unit
that the discharging of the charge on the lower-arm
switching control terminal of the lower-arm switching
element is disabled, thereafter inhibit the lower-arm
shift unit from shifting in time the transition to the OFF
state of the lower-arm switching element.

7. The driving apparatus of claim 1, further comprising:

an upper-arm temperature detection unit configured to
detect a temperature of the upper-arm switching ele-
ment; and

a lower-arm temperature detection unit configured to
detect a temperature of the lower-arm switching ele-
ment;

the upper-arm shift unit is configured to delay the com-
mencement of the off-operation of the upper-arm
switching element by an increased amount of time with
lowering temperature detected by the upper-arm tem-
perature detection unit to reduce the time difference
between the commencement of the off-operation of the
upper-arm switching element and the commencement of
the on-operation of the lower-arm switching element,
and

the lower-arm shift unit is configured to delay the com-
mencement of the off-operation of the lower-arm
switching element by an increased amount of time with
lowering temperature detected by the lower-arm tem-
perature detection unit to reduce the time difference
between the commencement of the off-operation of the
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lower-arm switching element and the commencement of
the on-operation of the upper-arm switching element.

8. A driving apparatus for driving switching elements of a

power conversion circuit, the power conversion circuit having
a series connection of an upper-arm switching element and a
lower-arm switching element, the series connection being
electrically connected in parallel with a direct-current (DC)
power source, the apparatus comprising:

adrive control unit configured to, for each of the upper-arm
switching element and the lower-arm switching ele-
ment, turn on or off the switching element by charging or
discharging the charge on a switching control terminal
of the switching element, the drive control unit being
configured to set a dead time for preventing both of the
upper-arm switching element and the lower-arm switch-
ing element from being ON, the dead time taking a
positive value;

a discharge-rate changing unit configured to change a set-
ting of discharge rate at which the charge on the switch-
ing control terminal of each of the upper-arm switching
element and the lower-arm switching element is dis-
charged;

a first determination unit configured to determine whether
or not the dead time that occurs immediately after the
setting of discharge rate is changed by the discharge-rate
changing unit is greater than the dead time assumed at
the time of designing the apparatus; and

a shift unit configured to, when it is determined by the first
determination unit that the dead time occurring imme-
diately after the setting of discharge rate is changed by
the discharge-rate changing unit is greater than the dead
time assumed at the time of designing the apparatus,
shift in time at least one of transition to an OFF state of
one of the upper-arm switching element and the lower-
arm switching element and transition to an ON state of
the other of the upper-arm switching element and the
lower-arm switching element that is immediately after
the transition to the OFF state so as to reduce a time
difference between the transition to the OFF state and
the transition to the ON state; wherein

the discharge-rate changing unit is configured to change
the discharge rate from a higher rate to a lower rate
within a time period from start to completion of dis-
charging the charge on the switching control terminal
each of the upper-arm switching element and the lower-
arm switching element,

the first determination unit configured to determine
whether or not the dead time that occurs immediately
after the setting of discharge rate is changed by the
discharge-rate changing unit is greater than the dead
time assumed at the time of designing the apparatus
based on whether or not discharging of the charge on the
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switching control terminal of each of the upper-arm

switching element and the lower-arm switching element

is performed with the discharge rate left set to the lower
rate without being changed by discharge-rate changing
unit

the driving apparatus further comprises:

a second determination unit configured to determine, for
each of the upper-arm switching element and the
lower-arm switching element, whether or not the dis-
charging of the charge on the switching control ter-
minal of the switching element is unable to be per-
formed at the discharge rate set to the higher rate; and

an inhibition unit configured to, when it is determined by
the second determination unit that the discharging of
the charge on the switching control terminal of at least
one of the upper-arm switching element and the
lower-arm switching element is unable to be per-
formed at the discharge rate set to the higher rate,
inhibit the shift unit from shifting in time at least one
of the transition to the OFF state and the transition to
the ON state.

9. The driving apparatus of claim 8, wherein

the second determination unit is configured to, for each of
the upper-arm switching element and the lower-arm
switching element, within an on-operation period of the
switching element, determine whether or not the dis-
charging of the charge on the switching control terminal
of the switching element is unable to be performed; and

the inhibition unit is configured to, when it is determined
by the second determination unit that the discharging of
the charge on the switching control terminal of at least
one of the upper-arm switching element and the lower-
arm switching element is unable to be performed, there-
after inhibit the shift unit from shifting in time at least
one of the transition to the OFF state and the transition to
the ON state.

10. The driving apparatus of claim 8, wherein

the second determination unit is configured to, for each of
the upper-arm switching element and the lower-arm
switching element, within an off-operation period of the
switching element, determine whether or not the dis-
charging of the charge on the switching control terminal
of the switching element is unable to be performed; and

the inhibition unit configured to, when it is determined by
the second determination unit that the discharging of the
charge on the switching control terminal of at least one
of the upper-arm switching element and the lower-arm
switching element is unable to be performed, thereafter
inhibit the shift unit from shifting in time at least one of
the transition to the OFF state and the transition to the

ON state.



